Although some experiments have addressed individual chain dynamics in the entangled state, the behavior of the quantity measured in the experiments, and its relation to chain conformation, deserves further study. In our previous work using primitive chain network simulations at equilibrium (Masubuchi et al, Nihon Reoroji Gakkaisi (J. Soc. Rheol. Jpn.) 36, 181, 2008), we examined the relaxation of the chain extension, x, which is the maximum distance between segments of any given chain. In this supplementary study we performed simulations under step shear deformations, away from the equilibrium state. It was found that the x relaxation under deformation is qualitatively similar to that of the relaxation modulus, where slow relaxation modes are insensitive to deformation while the intensity of fast modes is enhanced. As a result the longest relaxation time of x was found to be the same as the equilibrium state, and different from that of stress. For what concerns the behavior of the fast modes, less damping was observed for the relaxation of x than that for stress.
INTRODUCTION
Several experimental methods have been proposed for direct observation of individual polymer molecules. Fluorescent microscopy of giant DNA is a typical example yielding remarkable results. Following some landmark studies 1) , which have showed that the observed DNA behavior is qualitatively consistent with theoretical pictures of polymer dynamics, quantitative analyses have been performed on the observed images.
In the observations, the molecular conformation is projected onto a 2D plane and quantified through analog-to-digital image conversion in a square grid. Since the actual polymer conformation is lost during the image conversion process, the image analysis is performed with the assumption that the signal intensity distribution over the grid corresponds to the (projected) segment distribution of the molecule. In some studies [2] [3] [4] a measure of molecular extension, x, has been defined as the maximum distance between two grid points with a signal beyond a certain threshold. However, the image conversion mentioned above may introduce some artifacts in the observed relaxation behavior, differently from well defined relaxation functions such as stress relaxation. Indeed, using our primitive chain network simulations we have reported that the relaxation of x at equilibrium in the entangled state comes out different from both stress and dielectric relaxations.
5)
As a supplement of the previous work 5) , in this study we investigate the relaxation behavior of the molecular extension 
MODEL AND SIMULATIONS
We performed simulations with the same model and computer code used in the previous study 5) for consistency. In the model employed (called primitive chain network model 6) ), Monodisperse linear chains with an average segment number per chain of 9.6 were mainly examined. Chains with 19.6 segments were also briefly considered for comparison.
Relaxations are observed after step shear deformations, which were realized by instantaneous affine deformation of the simulation box, and of the slip-link network therein. Periodic
Lees-Edwards boundary conditions are adopted with a cell dimension of (16 a) 3 , a being the mean equilibrium distance between entanglements. Note that, with the conditions used, the damping function and the relaxation modulus for stress were found in quantitative agreement with experiments.
8)
The molecular extension measure x was obtained with the method employed in the previous study. in terms of r i (t) and <r> eq , instead of x i (t) and <x> eq . The obtained r relaxation is denoted by R(t).
We set t = 0 when the step deformation is instantly applied.
The chain number N is 1000 unless otherwise noted. Figure 1 shows the relaxation modulus, X(t) and R(t) after step shear deformations of different magnitude. The modulus in Fig. 1(a) is normalized by the unit modulus, G 0 = rRT/m 0 , where m 0 is the molar mass of the network strand. 7) The unit time is the longest relaxation time of the modulus at equilibrium, t d . For each relaxation function it is observed that in the long time region (t/t d > 1) the slope is independent of the strain, and is the same as that for the corresponding autocorrelation function at equilibrium (bold lines in Fig. 1 ). It should be noted, however, that the longest relaxation time comes out different for the three relaxation functions, similarly to the equilibrium situation previously described. 5) In the short time region, for t/t d < 0.5, the intensity of fast relaxing modes is enhanced for the relaxation modulus, and a damping behavior is observed, as expected. On the other hand, X(t) and R(t) do not appear to show a damping behavior at short times. All curves for X(t) remain close to the auto-correlation function at equilibrium, while those for R(t) do not show any damping, though X(t) and R(t) for small strains fluctuate significantly due to poor signal-to-noise ratio in the x and r values obtained in relatively unstretched states.
RESULTS AND DISCUSSION

Lack of damping in X(t) and R(t) is due to insensitivity
to fast relaxation modes of the relaxation function of the global chain dynamics. It has been reported that the dielectric relaxation of type-A chain, which corresponds to the end-to-end relaxation, does not show the fast relaxation modes appearing in the viscoelastic relaxation. 9) Since x has been introduced to describe the global chain conformation while stress depends on local chain segments, the fast-mode insensitivity of the x relaxation seems reasonable, though there exists a quantitative difference between the x and the dielectric relaxations.
5)
The difference in X(t) and R(t) reflects the appearance of chain shrinkage in each relaxation. Since the molecular extension x is the maximum (projected) distance between a pair of slip-links on the chain, X(t) is certainly affected by the lifetime of the slip-links. If one of the two slip-links determining x is coincidentally located near the chain end (see Fig. 2 (a) ), the slip-link will disappear following the shrinkage of the chain. A corresponding example of individual chain motion is shown in Fig 3(a) , where x(t) and r(t) show similar behavior. However, since the step shear moves affinely all slip-links of the random coil, the slip-link pair determining x is not always close to the ends but randomly distributed along the chain, and in some cases the behavior of x(t) and r(t) is different from each other. Let us consider a chain conformation as shown in Fig. 2(b) and the corresponding behavior of x(t) and r(t) indicated in Fig. 3(b) . During the chain shrinkage (in the short time region for t/t d < 0.5), x(t) corresponds to the distance between a specific slip-link pair located around the middle of the chain. Since the slip-links of the pair do not disentangle by chain shrinkage, x(t) essentially does not change in time. On the other hand, r(t) shows an increase at short times due to retraction of the chain along its own backbone. Since the increase of r(t) reflects chain shrinkage for certain conformations, such contributions justify the observation in Figure 1 that R(t) shows less damping than that of X(t). The above explanation is supported by the observation where the average number of segments between the slip-link pair determining x is 6.0 while the number of lost entanglement due to the chain shrinkage is 2 at the strain of 4.0. It should finally be mentioned that finite extensibility of the chain is not accounted for in our simulation but we believe that our situation is not different from the experiments, and for instance Teixeira et al. 4) reported that their value of x after the step shear was around 30 % of the fully stretched length, where non-Gaussian behavior can still be neglected. Figure 4 shows relaxation modulus, X(t) and R(t) for chains with 19.6 segments on average. In the long time region the slope of X(t) and R(t) is independent of strain, consistently with Fig. 1 . On the other hand, in the short time region X(t)
shows some damping (especially for the 4.0 strain), which remains weaker, however, than that observed in the modulus.
The slower relaxation observed for small strains is still marred by poor signal-to-noise ratio in less stretched chains.
It is noteworthy that consistently with the short chain case discussed above, the average segment number for x is 12.4 and the lost entanglement at the strain of 4.0 is 4. , a large N value is required to obtain convergence, and N = 100 is apparently not enough. This situation proves different from the auto-correlation functions at equilibrium 5) (where N = 100
gave fair results) due to the time averaging involved in the latter case. Figure 5 (b) reports X(t) for various grid-cell sizes used in obtaining the intensity matrix, and indicates that X(t)
is insensitive to the size setting in the range explored.
CONCLUSIONS
Primitive chain network simulations under step shear deformations were performed and the relaxation behavior of the molecular extension x was investigated. It was found that the qualitative behavior of the x relaxation under deformation was similar to that of the relaxation modulus, in the sense that slow relaxation modes are insensitive to the deformation while the intensity of fast modes is enhanced. Hence the longest relaxation time of x was found to be the same of that at equilibrium, and quantitatively different from that of stress as previously revealed. 5) Insofar as the fast mode enhancement is concerned, definitely less damping was observed for the x relaxation than found for the stress. The results obtained in this and the previous study do not encourage one to use the molecular extension x as a quantity representative of chain relaxation in the entangled state. To contribute to the experimental development we are working on another possible molecular measure and the results will be published elsewhere.
